background: Although histological dating of endometrial biopsies provides little help for prediction or diagnosis of infertility, analysis of individual endometrial proteins, proteomic profiling and transcriptome analysis have suggested several biomarkers with altered expression arising from intrinsic abnormalities, inadequate stimulation by or in response to gonadal steroids or altered function due to systemic disorders. The objective of this study was to delineate the developmental dynamics of potentially important proteins in the secretory phase of the menstrual cycle, utilizing a collection of endometrial biopsies from women of fertile (n ¼ 89) and infertile (n ¼ 89) couples. methods and results: Progesterone receptor-B (PGR-B), leukemia inhibitory factor, glycodelin/progestagen-associated endometrial protein (PAEP), homeobox A10, heparin-binding EGF-like growth factor, calcitonin and chemokine ligand 14 (CXCL14) were measured using a high-throughput, quantitative immunohistochemical method. Significant cyclic and tissue-specific regulation was documented for each protein, as well as their dysregulation in women of infertile couples. Infertile patients demonstrated a delay early in the secretory phase in the decline of PGR-B (P , 0.05) and premature mid-secretory increases in PAEP (P , 0.05) and CXCL14 (P , 0.05), suggesting that the implantation interval could be closing early. Correlation analysis identified potential interactions among certain proteins that were disrupted by infertility.
Introduction
The endometrium, composed of luminal epithelium (LE), glandular epithelium (GE) and stroma (STR; mesenchyme, leukocytes, endothelium and vascular smooth muscle), undergoes molecular and morphological changes during the secretory phase of the menstrual cycle to facilitate embryo attachment and invasion. Implantation requires intercellular signaling to bring the endometrium into a 'receptive' interval that is restricted to 4 days of the mid-secretory phase (MSP). Disruption of the receptive interval impacts pregnancy success, increasing spontaneous abortion from 25 to 40% if embryo implantation occurs 1 day after the receptive interval or to 80% with a 2-day delay (Wilcox et al., 1999) . Only limited information is available about the histological and molecular properties of the receptive endometrium and disruption of the receptive interval by disease that contributes to infertility and recurrent pregnancy loss (Martel and Psychoyos, 1981; Martel et al., 1987; Nikas et al., 1995; Aghajanova et al., 2010; Fazleabas, 2010; Young and Lessey, 2010) . For example, immunohistochemistry (IHC) reveals that the integrin subunit b3 increases abruptly around cycle Day 20 as the receptive interval opens and this is delayed in women with discordant menstrual cycles (Lessey et al., 1992) . The objective of the present investigation was to establish the normal expression patterns of developmentally important proteins in the receptive endometrium and determine whether any are altered in conjunction with infertility.
Histological dating of the timed endometrial biopsy, while previously employed to assess endometrial developmental adequacy for implantation, provides no clinically useful information for identifying infertile women owing to the dynamic nature of the endometrium and natural variation between patients (Coutifaris et al., 2004) . However, there is strong evidence to support the idea that molecular evaluation of the endometrium can reliably characterize the receptive phase and changes associated with abnormal implantation. Gene array analysis of endometrial biopsies has been utilized extensively to assess the transcriptome across the normal endometrial cycle (Punyadeera et al., 2005; Yanaihara et al., 2005; Talbi et al., 2006; Lai et al., 2007) , during the implantation window (Dominguez et al., 2003; Riesewijk et al., 2003; Mirkin et al., 2005; Henriquez et al., 2006) , in response to gonadotrophin therapy (Mirkin et al., 2004; Horcajadas et al., 2005; Simon et al., 2005) and in endometriosis (Eyster et al., 2002; Arimoto et al., 2003; Matsuzaki et al., 2004 , Matsuzaki et al., 2005 Matsuzaki et al., 2006; Wu et al., 2006) and endometrial cancer (Hever et al., 2006) . This approach has identified candidate genes that could play an integral role in endometrial development and that may become dysregulated in disease. Gene knockout or knockdown in animal models further supports the important role of these genes in human endometrium (Stewart et al., 1992; Lydon et al., 1995; Benson et al., 1996; Zhu et al., 1998a; Mulac-Jericevic et al., 2000; Song et al., 2000; Mulac-Jericevic et al., 2003; Xie et al., 2007) . The functional significance of candidate genes can be established through validation of the corresponding proteins in endometrial tissue sections sampled across the menstrual cycle under a variety of clinical conditions. Additionally, a direct proteomic approach has been taken to identify differentially expressed proteins in endometrial tissue during the menstrual cycle (Dominguez et al., 2009; Scotchie et al., 2009; Hannan et al., 2010) . Together with information about protein spatial distribution in the epithelial and stromal cellular compartments, new insights into the function of key genes may be acquired. This approach has been used to characterize candidate proteins in clinical specimens but is generally limited by a low sample number and imprecise quantification of protein levels.
Several proteins regulated by progesterone potentially play an integral role in endometrial function and pathology based on their accumulation during the secretory phase in the LE, GE and STR. The mRNA transcripts of four proteins, progestagen-associated endometrial protein/glycodelin (PAEP), homeobox A10 (HOXA10), leukemia inhibitory factor (LIF) and chemokine ligand 14 (CXCL14) are up-regulated significantly during the MSP (Talbi et al., 2006) . Three are strongly implicated in various etiologies of infertility, including endometriosis (PAEP, HOXA10 and LIF; Kao et al., 2003; Dimitriadis et al., 2006) , hydrosalpinges (HOXA10; Daftary et al., 2007) or idiopathic infertility (LIF and PAEP; Laird et al., 1997; Skrzypczak et al., 2005; Mikolajczyk et al., 2007) . Three additional proteins, calcitonin (CALCA; Diao et al., 2002; Kumar et al., 2003) , progesterone receptor-B (PGR-B; Franco et al., 2008) and heparin-binding epidermal growth factor-like growth factor (HBEGF; Das et al., 1994; Yoo et al., 1997; Lessey et al., 2002) , are implicated in uterine receptivity for implantation. CALCA is present in human and rat uteri during the implantation window and PGR-B persists during the MSP of the human menstrual cycle (Kumar et al., 1998; Mote et al., 1999) . HBEGF can promote trophoblast invasion and survival (Leach et al., 2004; Armant et al., 2006; Leach et al., 2008; Jessmon et al., 2010) and is dysregulated in pre-eclampsia (Leach et al., 2002) . We hypothesize that these seven proteins are regulated during the secretory phase of the cycle in human endometrium, in accordance with their previously studied mRNA transcripts, and that their cell-specific, developmental expression patterns are altered in the infertile population of women. It is anticipated that the developmental signatures of these and other critical proteins in the endometrium during the secretory phase will provide clinically useful information which is not attainable through morphological dating or transcriptome analysis.
To address the diagnostic utility of a proteomic evaluation of the endometrium, we have developed a high-throughput IHC procedure to precisely label protein analytes in sectioned endometrial biopsies. We utilized 178 endometrial biopsies, a resource generated by the National Institute of Child Health and Human Development Cooperative Reproductive Medicine Network's Endometrial Biopsy Project, representing timed secretory phase biopsies, equally distributed between women from fertile and infertile couples. This IHC analysis of candidate regulatory proteins in well-characterized endometrial biopsies collected under standard operating procedures was used to identify protein changes that define the 4-day interval of implantation in normal fertile women and to determine whether the protein profiles are altered in women who are infertile.
Materials and Methods

Sample collection
Timed endometrial biopsies from well-characterized fertile controls (n ¼ 89) and women from infertile couples (n ¼ 89) originally collected by the Reproductive Medicine Network (Coutifaris et al., 2004) as part of a study examining the incidence of luteal phase defects in infertile women were histologically dated (Noyes et al., 1950) . The Wayne State University Human Investigation Research Board, and those of all universities that contributed endometrial biopsy specimens, have approved this study. The mean ages of the women from fertile and infertile couples were 31.9 and 30.2 years, respectively. The endometrial biopsies were obtained using soft endometrial biopsy catheters (e.g. Pipellew, Cooper Surgical, Inc., Trumbull, CT, USA). Tissue was immediately placed in fixative and embedded in paraffin for histological evaluation, according to standard procedures (Coutifaris et al., 2004) . Specimens were biopsied in a randomized fashion in the MSP (cycle Days 22-23) or late (cycle Protein expression in human endometrial biopsies Days 26 -27) secretory phase (LSP), as assessed by mid-cycle LH surges (Coutifaris et al., 2004) . Biopsies from both collection times were developmentally heterogeneous owing to variations in cycle length among individual women. Since endometrial morphology is not significantly altered with fertility status (Coutifaris et al., 2004) , the developmental stage of each biopsy could be determined without biasing differences based on fertility. Cycle days of the biopsies were assigned using the histological dating criteria of Noyes et al. (1950) , and were grouped into early secretory phase (ESP; cycle Days 14 -19), MSP (cycle Days 20 -24) and LSP . While the cycle phase may have been estimated as MSP and LSP by timing to the LH surge, the histologic evaluation revealed that 57 women were in the ESP, 80 in the MSP and 41 in the LSP of the cycle.
Western blot analysis
To test the specificity of all antibodies used for IHC (see Supplementary data, Fig. S1 ), the Ishikawa endometrial epithelial adenocarcinoma cell line was maintained in a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium (Sigma Chemical Co., St. Louis, MO, USA) containing 10% donor calf serum and cultured at 378C. Western blots of cell lysates were performed as previously described (Kilburn et al., 2000) using precast 4 -20% polyacrylamide gradient gels (BioRad).
Immunohistochemistry
Tissue sections (5 mm) from endometrial biopsies were deparaffinized and rehydrated through a series of xylene, 100, 95 and 70% ethanol, followed by water. Antigen retrieval was carried out by heating slides at 15 psi and 1218C for 15 min in modified citrate buffer, pH 6.1 (DAKO, Carpinteria, CA, USA). After cooling for 20 min, slides were washed three times with Tris-buffered saline (TBS).
IHC staining was performed on sections prepared from each specimen using antibodies against PGR-B (B-form specific; Lab Vision, Freemont, CA, USA; 5 mg/ml), LIF (R&D Systems, Minneapolis, MN, USA; 5 mg/ ml), PAEP (Abcam, Cambridge, MA, USA; 10 mg/ml), HOXA10 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1 mg/ml), HBEGF (R&D Systems; 5 mg/ml), CALCA (Bachem/Peninsula Laboratories, Inc., San Carlos, CA, USA; 10 mg/ml) and CXCL14 (Abcam; 5 mg/ml). Negative controls were performed using 10 mg/ml non-immune goat immunoglobulin (Ig)G (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). Additional information about antibody staining is provided in the Supplementary data, Table S1 . Optimal concentrations were chosen for each antibody based on the linear region of the IHC labeling curve, prepared using paraformaldehyde-fixed Ishikawa cells (see Supplementary data, Fig. S2 ).
Antibody staining was performed at room temperature using a DAKO Autostainer Universal Staining System to ensure uniform treatment of all samples, as previously described (Leach et al., 2002) . Samples were rinsed with TBS after each of the following steps. The slides were incubated for 30 min in 3% H 2 O 2 before application of 300 ml primary antibody for 1 h. Rabbit anti-goat secondary antibody (Jackson ImmunoResearch) was applied for 1 h only for samples labeled with nonimmune IgG, HOXA10 or HBEGF primary antibodies. All samples were then incubated for 30 min with a peroxidase-conjugated polymer coupled to anti-rabbit and anti-mouse IgG (EnVision Systems Peroxidase, DAKO). The peroxidase was visualized with 3,3-diaminobenzidine (DAB, DAKO) and hydrogen peroxide for 5 min. If DAB staining was too light to locate the LE, GE and STR regions, the tissue was counterstained with propidium iodide (1 mg/ml for 30 min) and viewed by epifluorescence microscopy for region selection. All slides were then rinsed in TBS and mounted using a TissueTek film coverslipper (Sakura Finetek USA, Torrance, CA, USA).
Quantitative image analysis
Sections of each specimen stained with hematoxylin and eosin were used to identify and photo-document four to six optimal regions that contained all three of the tissue features (LE, GE and STR) to be studied by IHC. Digital images of each selected region were obtained at ×200 using a Leica (Wetzlar, Germany) DM IRB epifluorescence microscope and mapped using a 1.5 × 1.0 inch glass coverslip containing a 6 × 4 grid. The left edge of the grid was aligned flush with the left edge of the tissue section to locate the regions of interest identified by hematoxylin and eosin staining on adjacent immunostained slides. Monochromatic bright field images of the antibody/DAB stained tissues were obtained at ×400 using a Hamamatsu Orca digital camera (Hamamatsu City, Japan). Brightness was adjusted in a region of each slide devoid of tissue by setting the gray level to 255. When tissue features were difficult to discern because of very light DAB staining, fluorescent images were obtained of the same field to visualize propidium iodide labeling. Using Simple PCI imaging software (Hamamatsu Corp., Sewickley, PA, USA), areas determined to be LE, GE and STR were each digitally traced to determine the mean gray level of the circumscribed areas on the DAB-labeled images. The relationship between antigen level estimated by image analysis and the actual concentration in cell lysates was determined to be linear, although image analysis tended to overestimate the expression at very low levels (see Supplementary data, Fig. S3 ).
Statistics
All statistics were performed with Statistical Package for the Social Sciences (SPSS) version 12.0 (SPSS, Chicago, IL, USA) using a 95% confidence interval. Data were normally distributed, according to the ShapiroWilks test of normality. Three-way mixed design analysis of variance (ANOVA) was conducted with cell types as the repeated measures or 'within' factor to compare sample trends from women of fertile and infertile couples across the entire secretory phase. One-way ANOVA with Student -Newman -Keuls post hoc comparisons was used to identify the temporal changes within each cell type across the secretory phase, separately for women of either fertile or infertile couples. Pairwise comparisons with Bonferroni adjustments were used to compare expression levels between different cell types during ESP, MSP and LSP. For the pairwise analyses, data from women of fertile and infertile couples were pooled together for each cell type when no significant effect of fertility was observed in the mixed design ANOVA. A Student's t-test was used to determine the significance between fertile and infertile groups for each cell type during the ESP, MSP or LSP. Pearson's correlation coefficients were determined to examine the relationships between the changing protein levels in each cell type during ESP, MSP and LSP separately for samples from women of fertile or infertile couples. Significance was defined as P , 0.05; all data are expressed as mean + SD.
Results
Relative expression of each protein was determined during the ESP, MSP and LSP in each cellular compartment of the endometrium (LE, GE and STR). Images of IHC labeling without a counterstain reveal a variety of compartment-specific patterns that varied from predominantly nuclear staining of PGR-B ( 
Quantitative IHC analyses
Significant differences were found with respect to tissue specificity, developmental stage and fertility status for most of the proteins examined.
Three-way ANOVA did not demonstrate a significant temporal accumulation of PGR-B in any region of fertile controls (Fig. 3A) . However, PGR-B levels fell in all three cell types between the ESP and MSP in biopsies from women of infertile couples (Table I) , based on post hoc analysis (P , 0.05 for all). The infertile group had higher levels of PGR-B in LE, GE and STR compared with fertile controls during the ESP (P ¼ 0.01, P ¼ 0.027 and P ¼ 0.032, respectively). This difference reversed during the MSP in which fertile controls had higher levels of PGR-B in the GE and STR than samples from women of infertile couples (P ¼ 0.039 and P ¼ 0.021, respectively). PGR-B levels also differed by cell type. In the ESP, PGR-B levels were similar in the LE and GE (P ¼ 0.534) and were lower in the STR (P , 0.001). In the MSP, regardless of fertility status, PGR-B levels were equivalent in the LE and GE (P ¼ 0.534) and were least prevalent in the STR (P , 0.001). In the LSP, PGR-B levels were highest in the LE and lowest in the STR for both groups (P ≤ 0.001 for all). Overall, while PGR-B did not change temporally in fertile controls, elevated levels appeared during the ESP and diminished during the MSP in women from infertile couples, as seen when the values for each cycle day were examined (Fig. 4) .
The levels of the LIF fluctuated in cyclical patterns in the LE, GE and STR (three-way ANOVA: P , 0.001, P ¼ 0.002 and P ¼ 0.01, respectively; Fig. 3B ). In samples from women of both fertile and infertile couples, LIF expression increased (P , 0.01 for both) according to post hoc testing in the LE and GE between the ESP and MSP (Table I) . LIF levels also differed according to cell type. In the ESP, the difference in LIF expression between the LE, GE and STR just escaped significance (P ¼ 0.051). In the MSP, however, LIF expression was higher in the LE than those in GE (P ≤ 0.001), which was not different (E-J) LIF in fertile controls (E -G) and in women from infertile couples (H -J) during the early (E, H), mid (F, I) and late (G, J) secretory phases. Images were not counterstained. Glands (GE), stroma (STR) and luminal epithelium (LE) are indicated in each image. Magnification, ×200.
Protein expression in human endometrial biopsies from levels in the STR (P ¼ 0.249). In the LSP, LIF remained strongest in the LE and was least prevalent in the STR (P ≤ 0.001 for all). The LIF was prominent during the implantation window (c. Day 19) and displayed cell type-specific differences during the MSP and LSP.
According to three-way ANOVA, PAEP exhibited cyclical variations (P , 0.05), with post hoc tests confirming an increase in the LE and GE during the LSP compared with the ESP, independent of fertility status (P , 0.05 for each; Fig. 3C ). In addition, a difference was observed during the MSP where the expression in the GE was higher in samples from women of infertile than those of fertile couples (P ¼ 0.049). Differences according to cell type were also observed. In the ESP, the PAEP level was higher in the LE than that in the GE (P ¼ 0.013). In the MSP, PAEP levels were higher in the LE than that in the STR (P ¼ 0.011), but were not different from GE. In the LSP, levels of PAEP in the LE and GE were higher than those in the STR, though these differences did not reach statistical significance (P ¼ 0.059 and P ¼ 0.054, respectively). PAEP expression predominated in the LSP and displayed a minor, but significant, difference in expression associated with fertility during the implantation window.
There was cyclical variation of HOXA10 expression in the LE and STR according to three-way ANOVA. In the LE, post hoc analysis showed that levels in fertile controls were higher in the LSP than ESP or MSP (P , 0.05; Fig. 3D ; Table I ). In the STR, levels decreased from ESP to MSP in samples from women of infertile couples (P , 0.05). Although HOXA10 was higher in the STR during the ESP in fertile controls, this was not significant (P ¼ 0.051). HOXA10 levels differed according to cell type in each phase. In the ESP, HOXA10 levels were higher in the STR than that in the GE (P , 0.001) and LE (P ¼ 0.035). In the MSP, levels of HOXA10 in the LE did not differ from STR, while it was least abundant in the GE (P , 0.042). In the LSP, HOXA10 protein increased in the LE above the levels observed in both the GE and STR (P ¼ 0.007 and P ¼ 0.013, respectively), which were not significantly different from each other. The cyclical trends for HOXA10 expression were significant and distinguishable between women of infertile couples and fertile controls, with some marked variation in cell type-specific levels that shifted in prominence during the secretory phase from the STR to the LE.
HBEGF displayed significant cyclical variations in all three cell types according to three-way ANOVA (Fig. 5A ). As summarized in Table I , HBEGF levels in the LE rose by post hoc analysis between the ESP and MSP for fertile controls (P , 0.05), and in both groups in the GE (P , 0.05). In the STR, the pattern was slightly different; HBEGF levels remained constant during the ESP and MSP, but fell during the LSP in fertile controls (P , 0.05). HBEGF also differed by cell type and appears to be largely epithelial. In the ESP, HBEGF was most abundant in the LE (P , 0.001) while it was not different between GE and STR (P ¼ 0.101). In both the MSP and LSP, HBEGF remained highest in the LE and lowest in the STR (P , 0.002). HBEGF appeared to be expressed primarily in epithelial cells during the secretory phase and did not increase in LE at MSP in women from infertile couples as it did in fertile controls.
Three-way ANOVA demonstrated that CALCA displayed cyclical variation in the LE and STR, summarized in Table I , but this trend was only significant for fertile controls (Fig. 5B) . Post hoc analysis demonstrated that levels in the LE remained low in the ESP and MSP, rising during the LSP (P , 0.05). Levels of CALCA in the STR fell between the ESP and MSP and remained low through the LSP (P , 0.05). Its cell type-specific expression was highest in the GE and lowest in the STR in ESP, MSP and LSP (P , 0.001, P , 0.007 and P , 0.043, respectively). CALCA was predominantly glandular in localization and displayed cyclical trends only in fertile controls.
CXCL14 displayed cyclical changes in the LE, GE and STR (threeway ANOVA: P ¼ 0.006, P , 0.001 and P ¼ 0.015, respectively; Fig. 5C ). In samples from women of infertile couples, post hoc tests indicated a rise in the LE and GE in the MSP compared with ESP (P , 0.05 for each), whereas fertile controls showed a rise in the LSP compared with the ESP (P , 0.05). In the STR, only fertile controls displayed a rise in CXCL14 between the ESP and LSP (P , 0.05). This shift in the cyclic expression pattern is summarized in Table I . CXCL14 expression appeared to be predominantly epithelial in all three cycle phases (LE versus STR, P , 0.001, P , 0.001 and P , 0.031, respectively). The cyclical expression of CXCL14 differed Figure 3 Quantitative IHC of PGR-B, LIF, PAEP and HOXA10 in endometrial biopsies of women from fertile and infertile couples. The mean gray levels (arbitrary units; y-axis) were determined for PGR-B (A; fertile, n ¼ 89; infertile, n ¼ 86), LIF (B; fertile, n ¼ 87; infertile, n ¼ 86), PAEP (C; fertile, n ¼ 89; infertile, n ¼ 89) and HOXA10 (D; fertile, n ¼ 86; infertile, n ¼ 87) in each tissue type, as described in the section Materials and Methods, showing temporal changes in each cell type (lines), and cell-type differences (bars) during the ESP (n ¼ 57), MSP (n ¼ 80) and LSP (n ¼ 41). Fertile controls are represented by a solid line (triangles) or open bar, and samples from women of infertile couples by a dashed line (squares) or solid bar. *P , 0.05 for temporal changes (lines) according to Student -Newman -Keuls post hoc comparisons, with indication of changes specific to the fertile controls ( fer), infertile couples (inf) or both (both) groups; cell-type-specific differences (bars), or differences with fertility status (bars) according to Student's t-test. Error bars indicate the SD.
Protein expression in human endometrial biopsies between groups, where it was up-regulated earlier in women from infertile couples compared with that in fertile women.
Correlations
Correlation analysis was used to examine the relationships between protein levels in each patient (Table II) ; that is, for a given patient, a positive correlation will exist where two different proteins are either both abundant or not abundant, whereas a negative correlation will exist where one protein is abundant but the other is not abundant. Correlations were calculated separately for samples from women of fertile and infertile couples, taking into account each cell type during each phase. There were more correlations in samples from women of fertile than infertile couples. In addition, for both groups of women there were correlations that were restricted to specific periods of the secretory phase. Interestingly, CALCA and HOXA10 were correlated with other proteins in all three phases for samples from fertile controls, as was the LIF for the infertile group. Importantly, tissues from fertile and infertile groups did not have any correlations in common.
Discussion
High-throughput IHC analysis of a large, well-characterized population of biopsies from women of both fertile and infertile couples provided a comprehensive spatio-temporal view of the levels of proteins that multiple approaches suggest are important for nidation during the secretory phase. As previously reported (Coutifaris et al., 2004) , the timed endometrial biopsy does not differentiate the MSP -LSP transition nor fertile from infertile women using morphological criteria previously described by Noyes et al. (1950) . However, the ability to use endometrial specimens to determine these end-points by tissue type-specific protein profiling has not been rigorously examined. This study utilized a large sample of endometrial biopsies with individual examination of the LE, GE and STR. The findings confirm that PGR-B, LIF, PAEP, HOXA10, HBEGF, CALCA and CXCL14 are regulated at the protein level in endometrium during the secretory phase of the cycle, and that some proteins displayed an absolute difference, with respect to the fertility status of women, at a given point in time, while others differed in their cyclical levels, suggesting a disruption of the time course of the implantation interval, as depicted by the changes in protein levels at the onset and close of the MSP (Table I) . While microarray studies detect the relative abundance of transcripts in endometrial biopsies, the IHC approach provided additional information about cell-specific protein accumulation within secretory phase tissue. Thus, it validates and extends our current understanding based on previous expression studies. For example, Talbi et al. (2006) found that PAEP transcripts are up-regulated during the transition from ESP to MSP, yet we did not find PAEP protein levels to be significantly up-regulated until the LSP, suggesting that mRNA levels are up-regulated well in advance of their translation. In contrast, transcript levels of PGR-B, LIF and HOXA10 (Talbi et al., 2006) correlated well with protein accumulations.
We initially analyzed the data using the two LH surge collection times to examine the developmental differences. Although most of the tissue-specific differences were apparent, the two collection times and fertility status were only distinguishable for a small number of the proteins. Both LH collection groups were heterogeneously dated by morphological criteria, including the reassignment of several in the Days 22-23 collection group to the ESP. No correlations were noted between the degree at which samples were out of phase and their fertility status (data not shown), in agreement with previous findings (Coutifaris et al., 2004) . Reassignment of the data to specific cycle dates resulted in clearer distinctions among tissue type, developmental stage and fertility status.
We noted altered protein levels in the tissues from women of infertile versus fertile couples. PGR-B levels were high in women of infertile couples during the ESP, and were relatively low during the MSP. A daily plot of PGR-B levels (Fig. 4) suggests that this shift in the pattern may represent a delay in normal cyclical variation in PGR-B expression in the tissues from the infertile group (daily plots of the other proteins are provided for comparison in the Supplementary data, Figs S4-S9). While PGR-B declined from Day 14 until the implantation window (Day 19), samples from infertile couples expressed high levels of PGR-B that did not decline until Days 20 -22, an indication of progesterone resistance observed in the endometria of women with endometriosis (Aghajanova et al., 2010; Fazleabas, 2010; Young and Lessey, 2010) . It is important to note that our data do not take into account the expression of PGR-A, an inhibitor of PGR-B. Both PGR-A and PGR-B are expressed in GE during the proliferative phase but PGR-B remains elevated during the MSP as PGR-A, present in distinct subnuclear foci (Arnett-Mansfield et al., 2004) , decreases (Mote et al., 1999 (Mote et al., , 2000 . The presence of both isoforms in the GE during late proliferative/ESP has suggested a role in glycogenolysis and vacuolation; however, PGR-B may be most important for glycogen secretion during the MSP (Mote et al., 1999) . Studies of endometrial cancer have demonstrated less PGR-A in the nucleus and fewer, but larger, PGR-B subnuclear foci than in non-cancerous cells (Arnett-Mansfield et al., 2004 , Arnett-Mansfield et al., 2007 , demonstrating altered localization of the receptors. PGR-B subnuclear foci are associated with areas of euchromatin and presumably gene transcription (Arnett-Mansfield et al., 2007) . The present results constitute the only other evidence for PGR-B dysregulation associated with female infertility.
LIF expression showed a significant fertility effect in the STR during the secretory phase (3-way ANOVA, P ¼ 0.044) but post hoc t-tests did not reveal significant differences between fertile and infertile groups. The lower levels in infertile patients may, however, point to a biologically significant difference. LIF protein was up-regulated during the MSP, predominantly in the LE, a key location to impact the implanting blastocyst. Others find an increase during the implantation window (Kimber, 2005; Dimitriadis et al., 2006; Dimitriadis et al., 2007) but in the GE (Kimber, 2005; Dimitriadis et al., 2006; Dimitriadis et al., 2007) and decidual STR tissue (Kimber, 2005) . Recent experiments demonstrate that an LIF antagonist completely blocks implantation of mouse blastocysts (White et al., 2007) and LIF antibodies reduce the number of implantation sites in hamsters (Ding et al., 2008) . Embryos fail to implant in LIF-knockout mice owing to a maternal effect (Kimber, 2005; Quinn et al., 2007) ; perhaps an endometrial defect, as LIF-null uteri display little decidualization (Kimber, 2005) . Indeed, Song et al. (2000) found a second wave of LIF expression in the peri-implantation uterine STR that, when absent, correlated with failed expression of key decidualization factors. LIF also stimulates trophoblast formation, adhesion and migration in mice (Mezhevikina Protein expression in human endometrial biopsies Figure 5 Quantitative IHC of HBEGF, CALCA and CXCL14 in endometrial biopsies of women from fertile and infertile couples. The mean gray levels (arbitrary units; y-axis) were determined for HBEGF (A; fertile, n ¼ 86; infertile, n ¼ 87), CALCA (B; fertile, n ¼ 82; infertile, n ¼ 83) and CXCL14 (C; fertile, n ¼ 82; infertile, n ¼ 83), and are displayed as in Fig. 3 . Error bars indicate the SD.
et al., 2006), as well as proliferation and migration of immortalized first trimester human cytotrophoblast cells (Horita et al., 2007) . Although required for implantation in mice, the role of the LIF in humans is less certain. LIF concentrations in uterine secretions are higher in normal fertile controls than in women with idiopathic infertility (Laird et al., 1997; Mikolajczyk et al., 2007) , but staining in endometrial biopsies reveals no difference in protein levels . However, endometriotic biopsies obtained during the implantation window reveal decreased LIF protein in GE of women from infertile couples (Dimitriadis et al., 2006) but similar amounts of LIF mRNA throughout the entire endometrium (Mikolajczyk et al., 2006) . In examining a large number of biopsies, significant differences were reported in the present investigation in the STR tissue, where the LIF was reduced in women of infertile couples. Altered LIF expression is associated with recurrent miscarriage (Hambartsoumian, 1998) , while others have found no difference between women with implantation failure and fertile women (Inagaki et al., 2003; Kimber, 2005) . Interestingly, the decreased LIF secretion in idiopathic infertility is presumably attributed to uterine epithelial cells (Laird et al., 1997) but immunostaining results disagree with this finding . Previous studies detected rising PAEP levels in the secretory phase endometrium, particularly after progesterone levels have peaked and decidualization has occurred (Rutanen et al., 1987; Bischof, 1989) . A microarray study by Talbi et al. (2006) revealed that PAEP is the most highly up-regulated gene during the ESP to MSP transition. Recent studies have confirmed that PAEP mRNA increases in the ESP, while the protein accumulates significantly in GE during the LSP (Mylonas et al., 2006; Stavreus-Evers et al., 2006) . We also find that PAEP immunoreactivity rose significantly during the LSP in both the LE and GE. Therefore, it appears that the PAEP gene is transcribed well ahead of mRNA translation. PAEP has profound inhibitory effects upon the cytotoxicity of natural killer cells (Okamoto et al., 1991) , inhibits monocyte chemotaxis (Vigne et al., 2001 ) and induces apoptosis in activated T lymphocytes (Mukhopadhyay et al., 2001 (Mukhopadhyay et al., , 2004 Karande et al., 2005; Poornima and Karande, 2007) . These findings support the hypothesis that PAEP suppresses some aspects of the endometrial immune response, contributing to an immune-tolerant environment for invading trophoblast cells. Indeed, there is a decrease in PAEP mRNA and protein during the implantation window in patients with endometriosis, implantation failure, idiopathic infertility, HELLP (hemolysis, elevated liver enzymes and low platelet count) and intrauterine growth restriction (Kao et al., 2003; Jeschke et al., 2005; Skrzypczak et al., 2005; Tapia et al., 2008) . A recent study links low levels of PAEP mRNA to patients with documented implantation failure after undergoing IVF with donated oocytes (Tapia et al., 2008) . In contrast, the present study demonstrated higher GE levels of PAEP protein in tissues from women of infertile couples during the MSP. Our contradiction of Skrzypczak et al. (2005) , where lower levels of PAEP were detected in the uterine fluid of infertile women, suggests that a careful examination of PAEP regulation in various etiologies of infertility is warranted.
HOXA10 varied significantly during the secretory phase in the STR and LE. Its levels fell in the STR during the transition from ESP to MSP and rose in the LE during the MSP. This created a pattern in which HOXA10 became progressively more predominant in the LE than GE or STR. HOXA10 is an important developmental gene, and both mRNA and protein are found in the human endometrium most abundantly during the MSP (Taylor et al., 1998; Gui et al., 1999; Cermik et al., 2001; Li et al., 2002a) when progesterone peaks. It has been suggested that HOXA10 induction by progesterone during the implantation window blocks the STR cell cycle and promotes decidualization in preparation for blastocyst implantation (Qian et al., 2005) . Although the cyclical up-regulation of HOXA10 during the MSP is observed in epithelial and stromal cells, the STR displays markedly less mRNA and protein in patients with endometriosis (Gui et Our studies support these findings, as HOXA10 predominated in LE during the LSP in women from fertile couples. HBEGF is expressed in the GE, vascular endothelium and on the apical surface of the LE during the implantation window in humans (Days 18-24; (Yoo et al., 1997; Leach et al., 1999) ). The LIF is necessary for the expression of HBEGF in the LE of the mouse uterus surrounding a newly implanted blastocyst, as evaluated in LIF 2/2 mice (Song et al., 2000) . In the human endometrium, HBEGF levels greatly decline by the LSP (Leach et al., 1999) . Furthermore, its protein regulation mirrors its mRNA (Yoo et al., 1997; Lessey et al., 2002) . The LSP decline observed in previous studies was not detected by our present analysis, which was based on a much larger sample size. HBEGF levels rose during the MSP in both LE and GE and remained high in the LSP. As a result of these increases, HBEGF was least prevalent in the STR during the latter half of the secretory phase. This variation of expression between cellular regions suggests that HBEGF functions during initial attachment and invasion of the embryo; however, the rise in prominence in GE during the MSP might also prove to be of functional importance. Other studies indicate that transient HBEGF elevation in the STR occurs during the late proliferative phase (Yoo et al., 1997; Leach et al., 1999) . Importantly, HBEGF regulates the development of blastocysts and the motility of trophoblast cells in both mice and humans (Martin et al., 1998; Armant et al., 2000; Wang et al., 2000; Leach et al., 2004) . In the mouse, HBEGF is induced in the uterine LE directly at the site of the apposing blastocyst, further suggesting a role in implantation (Das et al., 1994) . Beads soaked with HBEGF mimic the blastocyst and induce HBEGF gene expression, elevated local vascular permeability and decidualization in the mouse endometrium (Paria et al., 2001) . CALCA gene expression has been demonstrated in the uteri of rats, humans and non-human primates (Ding et al., 1994; Kumar et al., 1998; Wang et al., 1998; Zhu et al., 1998a; Zhu et al., 1998b; Diao et al., 2002; Li et al., 2002b; Kumar et al., 2003) and its protein expression has been localized to the GE in humans and non-human primates during their respective windows of implantation (Kumar et al., 1998; Diao et al., 2002; Kumar et al., 2003) . Notably, the glandular localization and detection of CALCA protein in rat uterine flushings just prior to implantation suggest that it acts in a paracrine fashion to promote blastocyst implantation (Zhu et al., 1998b) . Our results corroborate some, but not all, previous studies, as we demonstrate a predominance of CALCA in GE cells throughout the entire secretory phase. However, the previously reported rise in CALCA during the window of implantation (Kumar et al., 1998) was absent in the present survey using a large sample size. Previous investigations found that injection of CALCA antisense oligonucleotides into the uterine horns of rats severely impairs blastocyst implantation without affecting the number of viable embryos, although it is unclear whether CALCA was required for endometrial or blastocyst function (Zhu et al., 1998a) . CALCA up-regulation and secretion by the MSP endometrium is perhaps in response to increasing progesterone levels. In surveying a large number of individuals, we now show a significant drop in STR levels of CALCA between the ESP and MSP.
CXCL14 inhibits mouse trophoblast attachment and outgrowth (Kuang et al., 2009a) and suppresses human trophoblast invasion by inhibiting matrix metalloproteinase (MMP)2 and MMP9 (Kuang et al., 2009b) . The proposed receptor for this cytokine (CCR1) is found in extravillous trophoblast cells (Sato et al., 2003; Hannan et al., 2006) , MSP endometrium and first trimester placental tissue (Hannan et al., 2006) . Microarray studies of the human endometrial transcriptome place maximal CXCL14 expression during the MSP (Talbi et al., 2006) . IHC analysis demonstrates highest levels of CXCL14 in fertile controls during the LSP, when uterine receptivity for implantation declines (Wilcox et al., 1999) . Furthermore, we observe that CXCL14 protein levels rise during the MSP in the LE and GE of women from infertile couples, suggesting a role in premature closure of the receptive phase. CXCL14 transcript levels appear to be up-regulated well ahead of the protein, similarly to the expression patterns for PAEP. Hence, CXCL14 likely plays a key regulatory role late during implantation, as decidualization and trophoblast invasion progress.
In biopsies from fertile women, the transition from the ESP to MSP is characterized by increased HBEGF and LIF in LE and GE, and decreased CALCA in the STR (Table I) . Furthermore, the transition from the MSP to the LSP, or closure of the 4-day receptive interval of implantation, is reflected by increased HOXA10, CALCA and CXCL14 in the LE, increased CXCL14 in the GE and decreased HBEGF and HOXA10 in the STR. In contrast, the MSP in infertile women underwent a significant reduction in PGR-B in all regions and increased CXCL14 in LE and GE. The LSP showed no differences in the absolute level or patterns of protein accumulation according to the fertility status. Coordinated regulation of proteins may be indicated by correlation analysis (Table II) . Notably, there was coordinated regulation of several proteins during the MSP in the LE and GE but no correlations were observed in the STR. The MSP correlations were absent in the infertile group; however, several correlations were found in the STR that did not occur in the fertile group. These differences suggest extensive dysregulation of protein expression in infertile women, perhaps owing to altered levels of transcription factors, such as PGR-B or HOXA10.
This study demonstrates that, by localizing and quantifying key proteins in endometrial biopsies during the secretory phase of the menstrual cycle, it is possible to begin to delineate the implantation interval and differentiate between fertile and infertile women. These objectives cannot be met using the histological criteria of Noyes et al. (1950) . However, our analysis of these clinical specimens has several limitations. The study was designed to include a population representative of individuals seeking infertility treatment; however, the basis of the diagnosis of infertility was unknown (Coutifaris et al., 2004) . Our results were also limited to an analysis of the secretory phase of the menstrual cycle. By using a large, well-characterized sample population, we have avoided the limitations posed by smaller IHC studies. In addition, the significantly altered expression of PGR-B in women from infertile couples validates its further study in various etiologies of infertility. More subtle differences were noted between tissues of women from fertile and infertile couples in the cyclical regulation of other proteins, particularly PAEP and CXCL14, that increased prematurely in the GE of infertile patients and HOXA10 that failed to increase in the LE at LSP. Correlation analysis of the seven proteins studied identified relationships in their expression and developmental regulation in the controls, which were not maintained in tissues from women of infertile couples. Further investigation of these relationships could shed new light on the molecular control of normal and pathological development in endometrial tissues. Our study confirms the importance of evaluating endometrial proteins in a cell type-specific manner. Regulation specific to the GE, LE or STR is obscured when whole tissue homogenates are examined. We demonstrated that expression in the GE and LE clearly differs for several proteins, suggesting that they are differentially regulated in those compartments. Finally, this investigation points out the importance of obtaining data for both mRNA and protein, as they are not necessarily regulated in an identical manner and the temporal patterns of protein levels can provide important insights into the function of specific gene products.
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